Background: Cytochrome P450 2C19 is responsible for the metabolism of many drugs, including the activation of clopidogrel. The allele CYP2C19*17 is associated with ultra-rapid metabolizer phenotypes by increasing gene transcription. This study tests to what extent CYP2C19*17 enhances CYP2C19 expression in human liver and whether additional regulatory variants contribute to variation in CYP2C19 expression. Methods: CYP2C19 mRNA was measured with quantitative real-time PCR (qRT-PCR), enzyme activity as metabolic velocity with S-mephenytoin as the substrate and allelic mRNA expression ratio with SNaPshot in human livers. CYP2C19 transcribed exons and a 4kb promoter region were sequenced using IonTorrent PGM or Sanger sequencing and screened for polymorphisms associated with total hepatic CYP2C19 mRNA, enzyme activity and allelic mRNA ratios. Results : Livers heterozygote and homozygous for CYP2C19*17 had mRNA levels 1.8-fold (p = 0.028) and 2.9-fold (p = 0.006), respectively, above homozygous reference allele livers. CYP2C19*17 heterozygotes were also associated with increased allelic mRNA expression (allelic ratio ~1.8-fold, SD ± 0.6, p < 0.005), whereas CYP2C19 enzyme activity was elevated 2.3-fold, with borderline significance (p = 0.06) in CYP2C19*17 carriers. One liver sample of African ancestry displayed a 2-fold allelic expression ratio, and another sample, a ~12-fold increase in metabolic velocity. Neither case was accounted for by *17 , which indicates the presence of additional regulatory variants. Conclusions: Our findings confirm *17 as a regulatory polymorphism enhancing hepatic CYP2C19 expression 2-fold with potential to compensate for the loss of function allele CYP2C19*2 . Additional regulatory factors may also enhance CYP2C19 expression in African American populations.
Introduction
CYP2C19 is a member of the cytochrome P450 enzyme family. Hepatic CYP enzymes are main contributors to the metabolism of many endogenous and exogenous compounds [ 1 ] . The CYP2C19 isoform metabolizes 8% -10% of prescribed drugs, including clopidogrel, omeprazole and citalopram [ 2 -4 ] . CYP2C19 consists of nine coding exons spanning 90,209 bases with a coding region of 1473 bases ( Figure 1 ). Similar to other CYP genes, CYP2C19 carries genetic variants with strong effects on substrate metabolism [ 5 ] . Two frequent alleles lacking metabolic ability in vivo and in vitro are CYP2C19*2 (rs4244285, cryptic splice site) and CYP2C19*3 (rs4986893, premature stop codon), causing intermediate (heterozygous) or poor metabolizer phenotypes (homozygous) [ 6 , 7 ] . Minor allele frequencies vary by race, with CYP2C19*2 frequent in Caucasian and African populations, whereas *3 is common in Asians and Africans ( Table 1 A) [ 9 ] .
The anti-platelet prodrug clopidogrel (Plavix) requires enzymatic activation mediated mainly through CYP2C19 [ 2 ] . Clinical evidence indicates that *2 and *3 carriers fail to benefit fully from clopidogrel therapy, thereby increasing the risk for reoccurring cardiac events such as myocardial infarction, stroke and stent thrombosis [ 10 -13 ] . With an FDA-issued black box warning regarding clopidogrel treatment of CYP2C19*2/*3 carriers [ 14 ] , CYP2C19*2 and *3 have emerged as clinical biomarkers to predict the metabolizer status of CYP2C19 (Table 1B) .
Not yet commonly represented in CYP2C19 allele biomarker panels, the gain of function allele CYP2C19*17 has been reported to increase transcription, resulting in ultra-rapid metabolism of CYP2C19 substrates [ 15 ] . Clinical association studies have shown CYP2C19*17 increases clopidogrel efficacy in reducing reoccurring cardiac events, risk of stent thrombosis and residual platelet aggregation, while enhancing the risk of a major bleeding event [ 16 -19 ] . The Clinical Pharmacogenetics Implementation Consortium, which intends to define how genetic biomarkers should be used clinically, has classified CYP2C19*17 carriers as ultra-rapid metabolizers in the context of clopidogrel treatment (Table 1B) [ 8 ] . However, this classification may not stand for other CYP2C19 substrates. The effect of CYP2C19*17 has been measured for several drugs, including omeprazole, amitriptyline, voriconazole, mephenytoin, pantoprazole and escitalopram [ 4 , 15 , 20 -25 ] . In many cases, CYP2C19*17 does increase enzyme activity, but when comparing the effect on multiple drugs, CYP2C19*17 is not always a clinically relevant contributor to drug metabolism. Alternate routes of clearance between drugs may be responsible for some of these discrepancies, but this does draw into question the use of the ultra-rapid metabolizer classification outside of clopidogrel treatment. Recent meta-analyses have questioned the role of CYP2C19*17 (and to some extent *2 ) as a biomarker [ 26 -28 ] , and others Table 1 Minor allele frequencies of common CYP2C19 biomarkers (A) and associated metabolic phenotypes defined by Clinical Pharmacogenetics Implementation Consortium guidelines for individuals receiving clopidogrel [ 8 ] propose that CYP2C19*17 homozygotes should be considered extensive metaboli zers, rather than ultra-rapid [ 29 ] . Whereas the impact of *2 and *3 alleles on CYP2C19 function is well documented, the regulation of gene expression by *17 and possibly other polymorphisms is less well established. In human liver, CYP2C19*17 carriers have not been shown to have significantly different gene expression from non-carriers, which fails to support the ultra-rapid metabolizer classification of CYP2C19*17 carriers. However, evidence supporting a gain-of-function for *17 includes electrophoretic mobility shift assays showing enhanced binding of the CYP2C19*17 allele (-806T) to nuclear receptor cellular fractions and increased luciferase reporter gene activity in mice [ 15 ] . Another study in transfected cells failed to show that CYP2C19*17 is active, instead implicating variants such as rs4986894, part of a haplotype including two other promoter single-nucleotide polymorphisms (SNPs), with increased expression. In the case of rs4986894, high linkage disequilibrium (LD) with *2 (D ` = 1.00, r 2 = 1.00, 1000 Genomes Project), denoted as CYP2C19*2C or *21, renders this variant of little clinical consequence [ 30 , 31 ] .
Absent from these analyses is an accurate measure of the effect size of CYP2C19*17 and its interindividual variability on CYP2C19 expression in human liver, which is crucial information if *17 were to be used as a predictor of ultra-rapid metabolizer status for a wide range of CYP2C19 substrates. A further confounding factor is the estimated low linkage disequilibrium of *17 with *2 (D ` = 1.0, r 2 = 0.04, 1000 Genomes Project) [ 32 ] . A high D ` , low r 2 and different allele frequencies indicate that *17 resides mainly on the opposite allele compared to *2 (namely, on the wildtype *1 allele). Therefore, the enhanced transcriptional activity of *17 is not annulled by residing on the inactive *2 allele in compound heterozygotes, although the latter case cannot be excluded in some subjects.
In this study, we determined whether CYP2C19*17 enhances CYP2C19 expression in target tissues (liver) and to what extent. We further asked whether additional promoter polymorphisms are contributing to variability in CYP2C19 expression and re-examined the relationships between *17 and *2 by measuring CYP2C19 total mRNA expression and enzyme activity in human livers. In addition, we apply allelic mRNA expression analysis, a more accurate and precise measure of the effect of cis -acting regulatory variants on mRNA levels. When determined in livers, heterozygous for a marker SNP in the mRNA, a significant deviation of allelic mRNA ratios from the gDNA ratios indicates the presence of allelic expression imbalance (AEI), a measure of cis -acting regulatory polymorphisms [ 33 ] . Whereas the scarcity of frequent exonic CYP2C19 marker SNPs limits the scope of AEI analysis, we show that CYP2C19*17 accounts for 2-fold enhanced allelic mRNA expression, with some degree of interindividual vari ability. Further results in individual liver tissues indicate the presence of a candidate regulatory variant in a sample of African descent. Finally, we show that CYP2C19*17 may compensate for the presence of loss of function alleles such as *2 in compound heterozygous samples, but this requires further confirmation in a larger number of subjects.
Materials and methods

Tissue samples
A total of 125 biopsy or autopsy human liver samples were obtained from the Cooperative Human Tissue Network (Midwest and Western Division) under approval of the Ohio State Institutional Review Board. Fift y liver samples were obtained from other sources that included the Medical College of Wisconsin (Milwaukee, WI, USA), Medical College of Virginia (Richmond, VA, USA), Indiana University School of Medicine (Indianapolis, IN, USA) or University of Pittsburgh (Pittsburgh, PA, USA). These livers were under protocols approved by the appropriate committees for the conduct of human research. Samples were primarily from Caucasians, with ~15% of African descent. Liver microsomes were prepared by diff erential centrifugation using standard procedures [ 34 ] and characterized for protein content by the Lowry method [ 35 ] .
DNA and RNA isolation and genotyping
Genomic DNA and RNA were prepared from liver tissue samples as previously described [ 36 ] . DNase I was used for RNA isolation to prevent contamination of genomic DNA in cDNA synthesis. cDNA was prepared using RNA and Reverse Transcriptase SSIII (Invitrogen, San Francisco, CA, USA), with controls lacking reverse transcriptase to test for residual gDNA.
SNPs in CYP2C19 were genotyped in liver samples using a primer extension assay (SNaPshot, Life Technologies) or fl uorescently labeled PCR-restriction fragment length polymorphism (RFLP) analysis as previously described [ 37 , 38 ] . PCR conditions and primers for all PCR assays (including genotyping) are given in Supplemental Table 1 , which accompanies the article at http://www.degruyter.com/ view/j/dmdi.2013.28.issue-1/issue-files/dmdi.2013.28.issue-1.xml. For quality control, the Hardy-Weinberg equilibrium was assessed for each SNP, and allele frequencies were compared to existing population genotype data (Supplemental Table 2 ).
Measurements of gDNA and mRNA allelic ratios using a primer extension assay (SNaPshot)
The protocol for SNaPshot has been previously described [ 36 , 38 ] , using PCR amplifi cation surrounding a marker SNP in an exonic region, from a heterozygous sample. The SNaPshot read-out peaks on an ABI3730 sequencer (Life Technologies) provide the relative amounts of each allele. The average of allelic ratios of gDNA is used to normalize allelic mRNA ratios in each tissue. A fi nding of signifi cant mRNA AEI in each tissue was established with a cutoff of three standard deviations from the mean of the genomic DNA allele ratios calculated from all tissues assayed. For the marker SNP in CYP2C19, normalized allelic mRNA ratios, measured at rs17885098 (T > C) in exon 1, > 1.26-fold in either direction ( > 1 or < 1) were considered an indication of AEI. All SNaPshot measurements were completed in duplicate for gDNA and at minimum triplicate for mRNA. To achieve suffi cient accuracy, CYP2C19 mRNA expression needed to be robust (C t of < 26 measured via qRT-PCR) for a liver to be considered for AEI analysis. Only nine livers were heterozygous for SNP rs17885098 and passed quality control for AEI analysis. PCR conditions and primers are given in Supplemental Table 1 .
SNP scanning and sequencing of CYP2C19
The CYP2C19 promoter region (4kb) and exons were sequenced to scan for regulatory variants (for PCR conditions and primer sequences, see Supplemental Table 1 ; some primer sets were adapted from Blaisdell et al. [ 39 ] ). PCR products were quantitated by QUBIT Broad Range DNA spectroscopy (Invitrogen). Fragments were mixed in equi-molar ratios to generate libraries that were analyzed by an IonTorrent PGM (Life Technologies) and barcoded for multiple samples per sequencing run. A total of four runs were performed on 15 samples. Sequences were analyzed in CLC Bio ' s Genomics Workbench (CLC Bio, Katrinebjerg, Denmark). SNP calling required, at minimum, 20 reads at a given base with 30% reads per allele. SNP calls with depth and allele ratio information is included in Supplemental Table 3 . Select regions and samples were also sequenced using Sanger sequencing at OSU ' s sequencing facility.
Analysis of mRNA levels with quantitative real-time PCR
mRNA levels of CYP2C19 and transcription factors PXR, RXR α , HNF4 α , CAR and GATA4 were measured in human liver samples using quantitative real-time PCR (qRT-PCR) (in duplicate) on a 7500 Fast Real Time PCR System (Applied Biosystems, Carlsbad, CA, USA). GAPDH served as a housekeeping gene yielding expression representative of overall RNA quality in human liver with low interindividual variability (for primers, see Supplemental Table 1 ) [ 40 ] . Standard curves were made using serial dilutions of cDNA for each gene and used for mRNA quantifi cation.
Measurement of CYP2C19 activity in human liver microsomes
CYP2C19 enzyme activity was measured in 40 liver microsomes using S-mephenytoin as the substrate as described [ 41 ] . The formation of 4 ' -hydroxymephenytoin (nmol/min/mg) at a single substrate concentration ( ≤ K m ), represented by metabolic velocity (V), was used to measure the metabolic activity of CYP2C19. The data represent duplicate assays, transformed into log scale for analysis by linear regression and independent t-test.
Data analysis
Linkage disequilibrium (LD) and the Hardy-Weinberg equilibrium (Supplemental Table 2 ) were analyzed using Helix-Tree SNP and Variation Suite (Golden Helix, Bozeman, MT, USA). Signifi cant diff erences in allelic mRNA ratios from mean allelic gDNA ratios (presence of AEI) were confi rmed by t-test. Linear regression was used to test the eff ects of SNPs and transcription factor expression on CYP2C19 mRNA expression and protein activity using SPSS and Minitab, respectively. p-Values < 0.05 were considered signifi cant for all associations.
Results
CYP2C19*17 is associated with increased CYP2C19 total mRNA expression
Total mRNA expression for CYP2C19 was measured by qRT-PCR in 83 liver samples. On average, CYP2C19*17 heterozygotes showed a 1.8-fold increase in mRNA expression (p = 0.028, 95% CI 1.08-fold to 3.00-fold, t-test) over the tissue of *17 non-carriers. CYP2C19*17 homozygotes showed 2.9-fold increased expression (p = 0.006, 95% CI 1.5-fold to 5.8-fold, t-test, equal variances not assumed) with large variability ( Figure 2 ). Known regulators of CYP2C19 expression (transcription factors) including the pregnane X receptor (PXR), constitutive androgen receptor (CAR) and GATA4 [ 42 , 43 ] were measured by qRT-PCR to determine whether they significantly contribute to CYP2C19 expression. HNF4 α and RXR α , additional factors that do not directly interact with the CYP2C19 promoter but may affect expression of other CYP2C19 regulators were also included. CYP2C19 expression was positively correlated with the expression of GATA4 and negatively with CAR and RXR α mRNA (p < 0.05). After adjusting for the expression of GATA4, CAR and RXR α , CYP2C19*17 carriers remain significantly associated with increased expression of CYP2C19 mRNA (1.6-fold, p = 0.014).
CYP2C19*17 is associated with increased allelic expression of CYP2C19 in human liver tissues
We measured CYP2C19 allelic RNA expression to determine whether and to what extent CYP2C19*17 increases transcription and whether any additional functional polymorphisms are present. Allelic expression was measured using SNP rs17885098, located in the first exon of CYP2C19 as a marker (minor allele frequency = 0.083, 1000 Genomes Project). Lack of frequent marker SNPs in CYP2C19 exons limited the number of livers accessible for allelic RNA expression analysis. Of 175 livers, we identified nine heterozygotes that passed the quality controls outlined in Methods. Of these nine samples, seven were Caucasian and two were of African ancestry (LL34, L123). Five samples showed significant allelic expression imbalance (AEI) using criteria described in Methods ( Figure 3 , AEI > 1.26-fold).
To test the association of AEI with CYP2C19*17 , we genotyped CYP2C19*17 and other known functional SNPs CYP2C19*2 and CYP2C19*3 and promoter SNP rs4986894 [ 30 ] . Functional SNPs must be heterozygous in all samples showing AEI and absent or homozygous in all samples not showing AEI. Four samples lacking AEI were also lacking CYP2C19*17 . Of the five with AEI, all were *17 heterozygotes except one (L123), which is one of two samples of African descent. Significant allelic mRNA ratios (AEI-positive) within the CYP2C19*17 carriers ranged from 1.4-to 2.8-fold, with an average of 1.8-fold (SD ± 0.68-fold) ( Figure  3 ). These results support the hypothesis that CYP2C19*17 is functional, increasing RNA expression ~2-fold and also indicates additional regulatory polymorphisms may be present in African Americans.
Sample L123 did not contain the functional SNPs for *2 and *3 haplotypes. To identify any additional polymorphisms causing AEI in L123, CYP2C19 coding exons and 4 kb upstream of the first exon (promoter) were sequenced using the Ion Torrent PGM. Four additional livers were also sequenced for comparison: L114 ( *1/*2 , no AEI), LL16 and LL19 ( *1/*17 , with AEI), and L90, an additional African liver (no AEI data). CYP2C19*17 was the only allele uniquely associated with AEI in LL16 and LL19, which is consistent with CYP2C19*17 causing increased gene expression (Supplemental Table 3 ). Comparing sequencing results of L123 with genotypes of LL34 (an AEI − sample from African descent) as control, we found a possible haplotype of multiple SNPs as being causative (rs11568730 and others, Supplemental Table 3) ; however, additional studies will be needed to establish the function of these regulatory variants. These observations indicate that there are additional polymorphisms that may affect the transcription of CYP2C19 in African American populations.
CYP2C19*17 association with CYP2C19 enzyme activity
To confirm the function of CYP2C19*17 , we tested whether *17 was associated with enzyme activity. CYP2C19 enzyme activity (V) was measured in 40 human liver microsomes using S-mephenytoin as substrate. To determine the gene dosage effect of CYP2C19*17 on enzyme activity, we compared CYP2C19 enzyme activity between diplotypes using a t-test ( Figure 4 ) . In *1/*2 carriers (intermediate metabolizers, n = 9), the mean activity was 2.3-fold lower (V = 0.0091 nmol/min/mg, SD ± 0.0086) than the average of wild-type samples (V = 0.021 nmol/ min/mg, SD ± 0.022, *1/*1 , extensive metabolizers, n = 11) (p = 0.07, Figure 4 ). Although not significant at p = 0.05, this relationship is consistent with current expectations of genotype/phenotype associations. The average activity for *2/*17 (V = 0.025 nmol/min/mg, SD ± 0.018, n = 6) carriers did not significantly differ from wild-type samples, with a 2.7-fold increase in the average activity over *1/*2 carriers (V = 0.0091 nmol/min/mg, SD ± 0.0086, n = 9) (p = 0.075, Figure 4 ). Comparing the average enzyme activity between CYP2C19*17 carriers (both heterozygote and homozygote) and non-carriers showed no significant difference. The comparison showed a borderline significant (p = 0.06) 2.3-fold increase in carriers over non-carriers of CYP2C19*17 . This result suggests that *17 , which increases allelic expression 2-fold may compensate for the CYP2C19*2 nonfunctional allele in individuals heterozygous for both *17 and *2 , which implies that *2 and *17 are likely to be on different alleles, consistent with an inverse LD between *17 and *2 (Supplemental Figure 1 , which accompanies the article at http:// www.degruyter.com/view/j/dmdi.2013.28.issue-1/issuefiles/dmdi.2013.28.issue-1.xml). Comparisons between CYP2C19*1/*1 and CYP2C19*17 heterozygotes or homozygotes show these groups are not significantly different (p = 0.47 and p = 0.512, respectively). However, the small sample size limits generalizations that could be drawn from this analysis. Larger studies are required to fully address *2/*17 genotype-phenotype associations.
One liver (LL44, *2/*17 ) displayed extremely high enzyme activity, exhibiting a velocity of 0.41 nmol/min/ mg, more than 12-fold higher than the average level in our cohort. We hypothesized that LL44 would contain a rare variant responsible for the high activity. To test this, we sequenced promoter (4 kb) and coding regions of sample LL44 and nine control samples using Ion Torrent PGM. Sequencing confirmed the presence of both *2 and *17 alleles in LL44. Information on the SNPs called, read depth and allele frequency can be found in Supplemental Table 3 . Sample LL44 showed 14 polymorphisms in the regions sequenced. Compared to nine control samples, no SNPs were unique to LL44 that could explain high enzyme activity, which indicates non-genetic factors or SNPs located in proximal regulatory regions may be responsible. A larger cohort of well-phenotyped liver tissues will be needed to investigate variants associated with extremely high CYP2C19 enzyme activity. 
Discussion
The results of this study show that CYP2C19*17 is associated with a 2-fold increase in mRNA expression in human liver. Sequencing and SNP scanning further support the conclusion that CYP2C19*17 is a functional SNP causing enhanced CYP2C19 transcription. However, the presence of an additional regulatory variant was indicated by an allelic mRNA expression imbalance in a liver from a sample of African descent. Further regulatory variants may exist, as indicated by exceptionally high CYP2C19 metabolic activity not accounted for by *17 alone in a Caucasian liver. Although the regulation of CYP enzyme expression is complex, use of allelic mRNA expression analysis in human liver tissues proved a valuable tool for assessing the effect size of CYP2C19*17 in target tissues, prompting the continued search for additional regulatory variants. Because of the absence of frequent marker SNPs for AEI analysis, large collections of liver tissues will be needed to complete this analysis.
Individual CYP mRNA expression and drug metabolizing ability are highly variable [ 44 ] . Our initial analysis of the association between *17 and total CYP2C19 mRNA revealed a significant 2-fold increase for *17 heterozygotes and a 3-fold increase for *17 homozygotes. To account for confounding effects of a trans -acting source in CYP2C19 expression, we also measured the expression of five transcription factors. A positive correlation of CYP2C19 mRNA expression with GATA4 mRNA and negative correlations with CAR and RXR α confirm trans-regulation by diverse processes. After controlling for the expression of these transcription factors, CYP2C19*17 carriers remained significantly associated with a 1.6-fold increase in CYP2C19 mRNA expression, which indicates that CYP2C19*17 increases mRNA transcription independent of these transcription factors. CYP2C19 allelic RNA expression and enzyme activity results further support CYP2C19*17 as a gain-of-function allele. It is possible that there is an interaction between the expression of transcription factors and *17 , accounting for the lower estimated effect size when transcription factor expression is taken into account, but the sample size was too small to test this hypothesis further.
Our finding that CYP2C19 * 17 results in a 2-fold increase in CYP2C19 expression should be considered in the context of clinical CYP2C19 biomarker tests. Currently, the primary utility of CYP2C19 * 17 is in the context of monitoring treatment and managing risk (clopidogrel treatment). Any variation of CYP2C19*17 effect size between individuals poses a challenge if * 17 is to be used as a biomarker. Shown here, the 2-fold variation in expression (in human liver) with allelic mRNA ratios of 1.4-to 2.8-fold is within a sufficiently narrow range for predicting metabolizer status. To fully define the effect size of *17 , more samples are needed to quantitate differences in expression. In addition, large scale genotyping and metabolic phenotyping can be used to ascertain that *17 and *2 are indeed on different alleles in the majority of samples, to support the hypothesis that *2/*17 compound-heterozygote metabolizer status is equivalent to a *1/*1 extensive metabolizer. For certain CYP2C19 substrates, where ultrarapid metabolizer status prediction by CYP2C19*17 is questionable, alternate phenotype/genotype tables may be required. Further, we show that CYP2C19*17 does not explain all instances of AEI or increased enzyme activity, requiring a continued search for regulatory variants affecting CYP2C19 . These additional marker SNPs will be needed to assure adequate prediction of the CYP2C19 metabolic phenotype in any single individual.
In conclusion, we have shown that CYP2C19*17 increases CYP2C19 expression approximately 2-fold in human liver. The defined effect size measured here supports the notion that CYP2C19*17 can serve as a biomarker, refining treatment decisions based on genotype, and solidifies clinical use in the context of risk management for bleeding events during clopidogrel treatment regimens. Further, in two samples with evidence of enhanced transcription or increased enzyme activity, respectively, the CYP2C19*17 allele cannot account for this finding or CYP2C19*17 alone is insufficient. Therefore, additional regulatory polymorphisms could also alter a patient ' s response to drug therapy and requires further study.
